"Modulatory role of the vascular endothelium in the contractility of human isolated internal mammary artery." Schoeffter, P. ; Dion, R. ; Godfraind, Theophile Abstract 1. Endothelium-dependent relaxant responses and modulation of contractile responses were investigated in human isolated internal mammary artery (HIMA), a vessel widely used for coronary bypass surgery. 2. Acetylcholine and ionophore A23187 (both 10 nM-1 microM) elicited concentration-dependent relaxations of precontracted HIMA. These relaxations were abolished after rubbing of the endothelium, they were inhibited by methylene blue and were insensitive to indomethacin. 3. Histamine at concentrations lower than 10 microM elicited an endothelium-dependent, methylene blue-sensitive relaxation of precontracted HIMA. This effect of histamine was inhibited by the H1-receptor antagonist mepyramine. Bradykinin, noradrenaline and alpha 2-adrenoceptor agonists (in the presence of prazosin) did not relax unrubbed HIMA in which acetylcholine or A23187 were shown to be efficient. 4. Tissue levels of guanosine-3':5'-monophosphate (cyclic GMP) were found to be significantly higher in unrubbed HIMA r...
Introduction
The vascular endothelium plays an obligatory role in for acetylcholine. Since this disthe vasorelaxation induced by a wide number of covery, relaxation of a great variety of isolated agents, as was first demonstrated by Furchgott & vessels by acetylcholine, histamine, bradykinin and other agents like the calcium ionophore A23187 has Authorfor correspondence.
been shown to require the presence of an intact endothelium (for reviews see Furchgott, 1984 ; Vanhoutte et al., 1986) . There is in fact some evidence that these relaxing agents can trigger the liberation of endothelium-derived relaxing factor(s) (EDRF). Such a role for the vascular endothelium has also been reported in human isolated vessels, particularly human coronary arteries (Thom et al., 1985; Bossaller et al., 1986; Forstermann et al., 1986b) . In addition, the presence of endothelium can modulate agonist-induced contractile responses of some animal arteries (Cocks & Angus, 1983; Egleme et al., 1984; Miller et al., 1984; Lues & Schumann, 1984; Godfraind et al., 1985; Carrier & White, 1985; Miller & Vanhoutte, 1985) , probably as a consequence of a spontaneous release of ('basal') EDRF (Malta et al., 1986a; Martin et al., 1986) . To date, there has been no evidence for basal release of EDRF in human isolated arteries.
It was the purpose of the present work to examine the endothelium-mediated relaxant responses to various agents and the endothelium-mediated modulation of contractile responses in a human isolated artery. The human internal mammary artery (HIMA) was chosen because of its availability during aorto-coronary bypass surgery (Loop et al., 1986) . Also, it was considered of importance to see whether endothelium-related events do actually occur in a vessel which is now widely used as a graft for coronary bypass.
The results show that, in this human artery, endothelial cells mediate the relaxation induced by some agents and that basal release of EDRF can modulate the contractile responses of the vessel to various agonists.
Methods

Biological material
HIMA from 35 patients (32 male, 3 female) were used in the present study. The mean age (+ s.e.mean) was 60 + 1 years. Fragments of right and left HIMA were obtained during coronary bypass surgical intervention. They were immediately immersed into cold Krebs bicarbonate solution of the following composition (in mM): NaCl 112, KCl 5, CaCl2 1.25, NaHCO3 25, MgSO4 1.2, KH2PO4 1 and glucose 11.5. Tissues were then freed of adherent connective tissue and kept at 40C in Krebs solution until use (that is maximally for 24h). Three to four mm long rings were cut (external diameter 2-3 mm), care being taken not to damage the interior of the vessel. In some rings, the intimal surface was rubbed with a wooden matchstick or the ends of small forceps, in order to remove the endothelial cells. Such a procedure did remove these cells, as judged by histological examination of some of the preparations (according to Caplan & Schwartz, 1973) and the abolition of acetylcholine-or A23187-induced relaxation (see results).
Contractile experiments
Rubbed and unrubbed HIMA rings from the same vessel were mounted in parallel in 50 ml organ chambers containing Krebs solution aerated by a mixture of 95% 02-5% CO2 at 370C. The preparations were suspended under a basal tension of 2g and extensively washed during approximately 3 h, the tension being periodically readjusted to 2g. After this period of time, the basal tension stabilized at about 1.5g and it was not modified again. Isometric changes in tension were recorded. In all experiments, rings were first contracted by noradrenaline (1 pM) and after the contraction had fully developed either acetylcholine or the calcium ionophore A23187 was added to ensure that endothelium was present or not.
Tissues were then allowed to rest for 90min. After this period of time, they were again contracted by noradrenaline (1-3pM). When the contraction had reached a plateau, one or the other of the tested relaxing agents was added cumulatively, each concentration being allowed to develop its maximal effect. After another 90min period of washing and resting, the same protocol was repeated after a 45 minpreincubation with indomethacin or a 20min-preincubation with methylene blue, or (in the case of histamine used as a relaxing agent) after a 15min-preincubation with mepyramine or cimetidine at the indicated concentrations. Each cycle of contractionrelaxation was separated from the preceding one by an interval of 90min. Methylene blue was always added before the last contraction of a preparation, because of its partially irreversible effect. Relaxant responses were expressed as a percentage of the noradrenaline-induced increase in tension. When the effect of a-adrenoceptor agonists was investigated on precontracted HIMA, prostaglandin F2. (PGF2., 2 pM) was used to induce tone, in the presence of prazosin (1 JM) added 30 min beforehand.
In some HIMA preparations, after the first challenge with acetylcholine or A23187, cumulative concentration-effect curves of histamine-or noradrenaline-induced contractions were performed in non-precontracted (resting) arteries, and repeated 90 min later in the presence or the absence of nifedipine or indomethacin.
The KB value of mepyramine has been calculated according to Furchgott (1972 Acetylcholine (10 nM-10 lM) relaxed unrubbed HIMA precontracted by noradrenaline (1 M) in a concentration-dependent manner, but did not elicit relaxation of matched rubbed preparations ( Figure   la ). The EC5o value of acetylcholine in unrubbed HIMA was 79nM (15-209nM, n = 6) and a maximal effect of about 65% relaxation was reached with 1 M acetylcholine (Figure 2a ). This effect was not significantly altered after pretreatment with indomethacin (10Mm), but significantly depressed after pretreatment with methylene blue (3 pm; Figure 2a ). In the latter case, acetylcholine relaxed noradrenaline-precontracted HIMA by only 9.2 + 6.2% (n 4), and the EC50 value could not be accurately measured.
The calcium ionophore A23187 (1OnM-IMm) also elicited a concentration-dependent relaxation of unrubbed, but not of rubbed HIMA precontracted by noradrenaline (Figure lb (-), 7 (A) and 5 (V) observations. Noradrenalineinduced precontractions were 2.71 + 0.76g (0), 3.50 ± 0.59g (v), 2.55 ± 0.88g (A) and 1.11 ± 0.13g (V). Statistical significance is shown with respect to corresponding values in the absence of pretreatment: *P <0.05; **P <0.01.
or unrubbed ( Figure Id) . This observation was reproduced in 5 different arteries, in which acetylcholine or A23187 elicited an endotheliumdependent relaxation.
Stimulatoin of endothelial a2-adrenoceptors has been shown to elicit relaxation in some types of observations. Noradrenaline-induced precontractions were 1.98 + 0.60g (0), 1.72 ± 0.44g (0) animal arteries (Cocks & Angus, 1983; Miller & Vanhoutte, 1985; Angus et al., 1986ab; Bullock et al., 1986 and UK 14,304 (0.1 pM-IO pM) were devoid of any relaxing activity (n = 3 and 2, respectively), although the preparations could be relaxed by acetylcholine.
Evidencefor a spontaneous release of (basal) EDRF in HIMA
Removal of the endothelium in various arteries isolated from animal species lowers the tissue levels of guanosine 3': 5'-monophosphate (cyclic GMP; Holzmann, 1982; Rapoport & Murad, 1983; Diamond & Chu, 1983) . As a consequence, the tissue levels of cyclic GMP have been considered as an index of spontaneous release of basal EDRF. Upon removal of the endothelium from HIMA rings, cyclic GMP levels were significantly (P < 0.05) decreased from 2.4 + 0.2 pmol mg1 protein in unrubbed rings to 1.7 + 0.2 pmol mg1 protein in matched rubbed rings (n = 6), that is a mean fall of 30%. Another indication of spontaneous EDRF release can be given by the greater contracting effect of the guanylate cyclase inhibitor, methylene blue and the greater ability of this compound to potentiate agonist-induced contractions of unrubbed as compared to rubbed vascular tissues (Griffith et al., 1985; Martin et al., 1985; Murakami et al., 1985) . In HIMA rings, methylene blue (3pM) elicited a slowly developing contraction which was significantly greater in unrubbed than in matched rubbed preparations (Table 1) . Furthermore, in the presence of methylene blue (3pM) the contraction elicited by noradrenaline (1 M) was enhanced to a significantly greater extent in unrubbed than in rubbed arteries ( Table 1) .
The cyclo-oxygenase inhibitor indomethacin (10pM) was also able to elicit a slow contraction of HIMA rings, which was quite similar in unrubbed and rubbed preparations (Table 1 ). In addition, pretreatment by indomethacin (10pM) had not a significantly more marked effect on noradrenalineinduced contraction of unrubbed than in that of rubbed preparations (Table 1) . Since the contracting effect of indomethacin in isolated vessels is attributable to the suppression of vasodilator prostanoids (Roberts et al., 1981; , the latter results indicate that the contribution of these prostanoids to the modulation of the basal tone is not greater in unrubbed HIMA than it is in rubbed HIMA.
Endothelium-dependent modulation ofHIMA contractions Noradrenaline elicited a concentration-dependent contraction of resting unrubbed HIMA within the range of 30nM-lOpM ( Figure 5) , with an EC50 of that is about two fold less than that found in matched unrubbed HIMA.
In resting unrubbed HIMA, histamine (1 uM1mM) induced a concentration-dependent contraction, with marked rhythmic activity appearing over the middle range of histamine concentrations (3 pM-0.1 mM; Figure 6a ). This rhythmic activity could be attenuated after pretreatment by indomethacin and it was also greatly reduced or sometimes abolished in rubbed HIMA arteries (Figure 6b) . Moreover, rubbed HIMA preparations were more sensitive to histamine than were matched unrubbed preparations, as shown by the concentration-effect curves for histamine (Figure 7 ). Figure 7 represents the concentration-effect curves for histamine-induced contraction in matched unrubbed and rubbed HIMA, when measuring either the maximal or the minimal tension developed during rhythmic oscillations of tension after each addition of histamine. Thus, when considering the lower levels of tension developed during rhythmic oscillations, the EC50 value for histamine was significantly (P <0.01) decreased after removal of the endothelium, from 28.2 M (12.34.6 M, n = 12) to 3.2pM (2.4-4.2MM, n = 12), that is about 9 fold less in rubbed rings than in unrubbed rings. When the higher levels of oscillatory tension were taken into consideration, the EC50 value for histamine was significantly (P < 0.01) decreased from 8.9pum (3.1-25.7 yM, n = 12) to 2.3 pM (1.7-3.0pM, n = 12) after removal of the endothelium, that is about 4 fold less in rubbed ring than in unrubbed rings. The maximal contracting effect of histamine was not significantly different in rubbed as compared to that in unrubbed HIMA (Figure 7) .
It has been shown that agonist-induced contractions of vascular smooth muscle which are relatively resistant to the modulatory effect of the endothelium are also relatively resistant to the effect of calcium entry blockers (Egleme et al., 1984; Godfraind et al., 1985) . Therefore it has been proposed that EDRF could affect receptor-operated Ca2 +-gating in vascular smooth muscle (Godfraind, 1986) . We have investigated the effect of nifedipine, a dihydropyridine compound which blocks Ca2+ entry into vascular smooth muscle cells (Godfraind 1982) , on noradrenaline-and histamine-elicited contractions of HIMA. Pretreatment with nifedipine (3pM, 90min) did not significantly alter noradrenaline-induced contractions of unrubbed HIMA (Figure 8a ). By contrast, nifedipine depressed the contraction induced by histamine in unrubbed HIMA and abolished the rhythmic activity triggered by histamine. Thus, as compared to the lower level of tension developed during rhythmic contractions induced by histamine in control unrubbed HIMA (see Figure 7) , histamine-induced contractions were depressed by about 70% in the presence of nifedipine (Figure 8b ).
Discussion
In the present study, we provide some evidence that the presence of the endothelium in human internal mammary artery (1) action of some agents and (2) can modulate agonistinduced contraction. These results are particularly interesting in view of the growing use of HIMA as graft for coronary artery bypass (Loop et al., 1986) . So far as endothelial-related vascular responses are concerned, these results make HIMA a good substitute for human epicardial coronary artery, whose relaxation has been reported to involve endothelial cells in some instances (Ginsburg & Zera, 1984; Thom et al., 1985; Bossaller et al., 1986; Forstermann et al., 1986b) .
Endothelial mediated acetylcholine-and A23187-elicited relaxations of HIMA exhibit the typical features of endothelium-dependent relaxation of animal arteries (e.g. rabbit aorta) by these agents. In rabbit aorta acetylcholine-and A23187-induced relaxations have been ascribed to the stimulated release of an endothelium-derived relaxing factor or EDRF Furchgott, 1983) . The active concentration range of acetylcholine and A23187 was 10 nM-1 pm; their relaxing effect was not significantly altered after pretreatment with indomethacin, making it unlikely that any prostanoid is EDRF; on the contrary, the guanylate cyclase inhibitor methylene blue significantly inhibited acetylcholine-and A23187-induced relaxation of HIMA, indicating that cyclic GMP is involved in (0) the presence of nifedipine (3juM, added 90min before the first addition of contracting agent). Results are the means ± s.emean (represented by vertical bars) of 4 observations. Contractions are expressed as a percentage of the maximal tension developed by control preparations (in the absence of nifedipine). Note that in the case of histamine (b), the lower level of tension developed during rhythmic oscillations has been taken into consideration for the control curve. these relaxations, as was first suggested for bovine coronary arteries (Holzmann, 1982) and in the aorta of the rat (Rapoport & Murad, 1983) and of the rabbit (Diamond & Chu, 1983) .
The differential sensitivity of acetylcholine-and A23187-elicited relaxations of HIMA to inhibition by methylene blue suggests that the two relaxing agents may act through distinct EDRFs. Although strong evidence for this contention is lacking, it is noteworthy that A23187-elicited relaxation, unlike I 8 cholinergic relaxation, is not inhibited by quinacrine in rat and rabbit aorta Furchgott, 1981; Rapoport & Murad, 1983; Singer & Peach, 1983) . Furthermore, A23187-elicited relaxation is less sensitive to inhibition by nordihydroguaiaretic acid than is cholinergic relaxation in rabbit aorta (Singer & Peach, 1983 ). An alternative explanation would be that methylene blue, in addition to being an inhibitor of guanylate cyclase, could interact with a receptor-mediated process leading to EDRF release. Histamine could elicit an endothelium-dependent relaxation of precontracted HIMA, but this effect was limited to lower concentrations (0.1-1 pM). At concentrations higher than 1 ym, the relaxant effect of histamine in unrubbed HIMA was reversed and the contracting effect predominated. In rat isolated aorta, histamine, like acetylcholine has been proved to stimulate the release of EDRF (Van de Voorde & Leusen, 1983) and histamine-induced endotheliumdependent relaxation has been associated with an increase in tissue levels of cyclic GMP (Rapoport & Murad, 1983) . That methylene blue abolished the relaxant effect of histamine in unrubbed HIMA supports the involvement of cyclic GMP in this relaxation. On the other hand, histamine-induced relaxation of HIMA was antagonized by mepyramine but not by cimetidine. This indicates that endothelial histamine receptors are of the H1 subtype in HIMA, an observation similar to those made in rat aorta (Van de Voorde & Leusen, 1983; Davies & Williams, 1984; Carrier et al., 1984) , guinea-pig pulmonary artery (Satoh & Inui, 1984) , monkey coronary arteries (Toda, 1986) , rat mesenteric bed (Byfield & Swane, 1987) and human umbilical vessels (Leusen & Van de Voorde, 1986) . The calculated pKB value of mepyramine (7.8) is relatively lower than the classical pA2 value of the H1-receptor antagonist (about 9, see Ash & Schild, 1966) . This difference could be explained by effects of histamine on other receptor sites (H1 and H2) on the smooth muscle of HIMA. A similar difference between classical and calculated KB value has been observed for another H,-receptor antagonist, diphenhydramine, in the case of histamine-elicited endotheliumdependent relaxation of rat aorta (Carrier et al., 1984) . Thus, in HIMA there is some evidence that histamine can induce the release of EDRF via stimulation of an endothelial H1 receptor.
Bradykinin is able to elicit an endotheliumdependent relaxation of a large variety of canine arteries (Chand & Altura, 1981; Cherry et al., 1982) . Such a bradykinin-induced relaxation was also found to occur in pig aorta (Gordon & Martin, 1983) , in bovine intrapulmonary artery and vein (Gruetter & Lemke, 1986a) and in bovine coronary artery (Angus et al., 1986b) . By contrast, the aorta and the renal arteries of neither the cat (Furchgott, 1983) nor the rabbit (Cherry et al., 1982) were relaxed by bradykinin, and in mesenteric arteries of the same species the relaxing effect of bradykinin was proved to be endothelium-independent (Cherry et al., 1982; Forstermann et al., 1986a) . So far as human vessels are concerned, Furchgott and coworkers have reported an endothelium-dependent relaxation elicited by bradykinin in human mesenteric arteries (Cherry et al., 1982) and ovarian artery (Furchgott, 1983) . A similar observation was made in human basilar artery (Whalley et al., 1987) . On the other hand, Thom et al. (1986) did not observe any relaxant effect of bradykinin in human coronary arteries whose endothelium was otherwise shown to be functional. In HIMA we found no evidence of a relaxation induced by bradykinin, either in unrubbed or rubbed preparations. It appears therefore that bradykinin-induced endothelium-dependent relaxation is not a general observation either in human vascular beds or in animal ones.
In some precontracted animal vessels, noradrenaline and a2-adrenoceptor agonists could elicit an endothelium-dependent relaxation, in particular after blockade of the a,-adrenoceptors which mediate the contracting effect of noradrenaline (Cocks & Angus, 1983; Miller & Vanhoutte, 1985; Angus et al., 1986a,b; Bullock et al., 1986) . However, this is not a general observation, since it could not be demonstrated in all types of arteries from the same species (Angus et al., 1986a,b) . Such a relaxing effect of noradrenaline has also been observed in human pulmonary artery, although reportedly not in a reproducible manner (Thom et al., 1985) . In unrubbed HIMA we could not demonstrate any relaxing effect of noradrenaline or of the a2-adrenoceptor agonists clonidine and UK 14,304, after blockade of the al-adrenoceptors. These results do not support the existence of endothelial x2-adrenoceptors mediating relaxation in HIMA.
As a whole, we could show that endothelialmediated relaxant responses occur in HIMA. These responses are presumably due to release of EDRF, as defined in rabbit aorta (Furchgott, 1983) , that is a non-prostanoid endothelial factor which stimulates the production of cyclic GMP in the vascular smooth muscle; it has recently been proposed that EDRF is in fact NO (Hutchinson et al., 1987) .
It is known from bioassay experiments that endothelial cells can spontaneously release EDRF (basal EDRF; Griffith et al., 1984a,b; . Higher levels of cyclic GMP in unrubbed vessels as compared to those in matched rubbed vessels have been ascribed to the effect of this basal EDRF (Holzmann, 1982; Rapoport & Murad, 1983; Diamond & Chu, 1983; Bigaud et al., 1984; Martin et al., 1986; Spedding et al., 1986; Bullock et al., 1986; Gruetter & Lemke, 1986b) . As a consequence, basal levels of cyclic GMP are regarded as an index of the release of basal EDRF. In HIMA, we found a significant decrease in cyclic GMP levels after rubbing the endothelium. This result indicates that these arteries do liberate EDRF spontaneously. Another indirect evidence for a basal release of EDRF in HIMA can be deduced from the effects of methylene blue in contractile experiments. Methylene blue elicited a slowly developing contraction whose amplitude was significantly greater in unrubbed than in rubbed preparations. Similar observations have been reported in animal arteries (Griffiths et al., 1985; Ignarro et al., 1986) . Furthermore methylene blue potentiated the contraction induced by noradrenaline to a greater extent in unrubbed than in rubbed HIMA, still in accordance with other observations Griffith et al., 1985; Martin et al., 1985; Murakami et al., 1985; Miyazaki & Toda, 1986 ). These differences in the effect of methylene blue between unrubbed and rubbed vessels are attributable to the inhibition of the action of basal EDRF on guanylate cyclase. Indomethacin also elicited a slowly developing contraction in HIMA, an effect believed to result from the removal of vasodilator prostanoids (Roberts et al., 1981; ; it was similar in unrubbed and rubbed preparations.
The presence of endothelium is known to modulate agonist-induced contractions of animal arteries. This has been particularly shown for noradrenaline (Cocks & Angus, 1983; Fortes et al., 1983; Konishi & Su, 1983; Egleme et al., 1984) and for histamine (Van de Voorde & Leusen, 1983; 1984; Griffith et al., 1984; Miller & Vanhoutte, 1986; Sercombe et al., 1986) . In some instances these two agonists have been proved to stimulate EDRF release (Cocks & Angus, 1983; Van de Voorde & Leusen, 1983; Miller & Vanhoutte, 1985) . The respective contribution of basal and stimulated EDRF release to endothelialmediated modulation of contraction has therefore been difficult to estimate. In unrubbed HIMA, we found that the concentration-effect curve of noradrenaline-induced contraction was shifted to the right of that in rubbed HIMA by about two fold. This effect is most probably due to basal EDRF since noradrenaline was unable to elicit an endothelium-dependent relaxation of precontracted HIMA, i.e. to stimulate release of EDRF. Analysis of the concentration-effect curve for histamine-induced contraction of HIMA was somewhat complicated by the fact that the amine triggered rhythmic contractile activity superimposed to increased tonic contraction. This phenomenon, essentially observed in unrubbed preparations, could be partially inhibited by indomethacin and abolished by nifedipine. It is probably due to some histamine-stimulated synthesis of prostaglandin-or thromboxane-like material, as has been shown for example in the rabbit perfused ear (Juan & Sametz, 1980) or in the pulmonary circulation of various animal species (Bakhle & Smith, 1972; Berti et al., 1979) . In spite of this rhythmic activity, it was obvious that histamine-elicited contractions were modulated to a greater extent by endothelium than were noradrenaline-induced contractions. In fact, the presence of the endothelium shifted the concentration-effect curve of histamineinduced contraction in unrubbed preparations to the right of those in rubbed preparations by 4 to 9 fold, depending on the level of contraction taken into consideration during rhythmic oscillations triggered by histamine. The greater modulatory effect of endothelium on histamine-elicited contraction might be explained by a basal plus stimulated EDRF release, since histamine, unlike noradrenaline, was able to elicit an endothelium-dependent relaxation of precontracted HIMA. Alternatively, basal EDRF alone could account for the differential modulatory effect of endothelium on agonist-induced contraction of HIMA. Indeed, the presence of endothelium has been associated with an impaired 45Ca influx into some arteries of the rat, rabbit and dog (Collins et al., 1986ab; Malta et al., 1986b; Godfraind, 1986) and in HIMA histamine-induced contractions were more sensitive to the calcium entry blocker nifedipine than were noradrenaline-induced contractions. Thus, the differential effect of endothelium on histamine-and noradrenaline-induced HIMA contractions may well reflect the different dependence of these contractions of extracellular calcium, in accordance with the proposal that\ EDRF could affect Ca2 + gating into vascular smooth muscle (Godfraind, 1986) . Our results confirm those obtained in rat aorta, showing that the more agonist-induced contractions are dependent on extracellular calcium, the more they are inhibited by the endothelium (Egleme et al., 1984; Godfraind et al., 1985) .
In the present study, we could thus demonstrate in a human isolated artery that endothelium is not only essential for the vasorelaxation induced by some agents, but that it also modulates contractile responses, probably owing to a spontaneous release of basal EDRF. Such a modulatory effect could be of physiological importance in the regulation of vascular tone, particularly in a vessel used for coronary bypass.
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